Abstract. We discuss the (few) achievements and the (many) open questions of the theoretical interpretation of the recent data on unstable particles in pp, pA and AA collisions at ultrarelativistic energies.
Introduction
Why we are here at this second resonance workshop which is by far larger than the first one in Austin two years ago? The reason is very simple. High precision data from the LHC experiments exist by now, we have the first results from the beam energy scan at RHIC and an increasing number of detailed data of the high energy RHIC runs. All this data force us to realize that the heavy ion reaction is more complex than the first blast wave fits and statistical model comparisons have suggested. Especially if we want to get a comprehensive understanding of the proton-proton (pp), proton-heavy ion (pA) and heavy ion -heavy ion (AA) data we have to realize that the simple picture that in central AA collisions a plasma of quarks and gluons (QGP) is created which can be described in hydrodynamical models, that in pA collision we can study cold nuclear matter effects, which means essential the hadronic rescattering, whereas pp collisions are elementary in the sense that two partons of the incomming protons collide is not compatible with the experimental findings. High multiplicity pp, pA and AA data show unexpected common features like ridges and a mass dependence of v 2 (p T ) which have been expected for AA collisions only. They hint to collective effects and an hydrodynamical behaviour, means strong interactions among the particles, even in pp and pA collisions.
In this situation the study of the most frequent hadrons, like pions, kaons and protons, does not help very much. Their multiplicity in pp, pA AA collisions is very well described in a statistical model [1] , even if in central AA collisions at LHC there is a 10% deviation of the protons. For central AA collisions at LHC we see this comparison in fig.1 . Thus their multiplicity tells as little about their production mechanism and their interaction they had before they arrive at the detector. The temperature of 156 MeV is close to the hadronization temperature of lattice gauge calculations at which quarks become bound into hadrons. This suggests that the chemical composition of the hadrons gas is fixed at that temperature. However, at an energy density of around 0.5 GeV/ f m 3 , which corresponds to this transition temperature, the hadrons are densely packed and will interact still on the way to the detector. Fig.2, left; shows the hadronisation temperature T ch , which determines the chemical composition of the hadron gas, as well as the kinetic temperature T kin at which the hadronic interactions cease [2] . We see that the difference between both becomes larger with increasing energy, leaving more room for hadronic rescattering. At the same time the collective expansion velocity, Fig.2 right, increases and makes the expansion faster. The ultimate challenge of the ultrarelativistic heavy ion physics is to understand the formation, expansion and hadronization of the QGP. This signal is distorted by the hadronic interactions which take place between T ch and T kin and which change considerably the momentum distribution of the hadrons. Therefore we have to understand this region. In addition, this is the region of high density hadron physics which is in itself of great interest, theoretically as well as experimentally. Presently there are two transport approaches available which can deal with the physics between T ch and T kin .The ultrarelativistic quantum molecular dynamics (UrQMD) approach [4] and the parton hadron string model (PHSD) [5] . UrQMD calculations, Fig. 3 , show that in reality also the chemical composition changes between T ch and T kin . For PbPb at √ s = 2.76 AT eV we display on the left hand side the p T integrated modification factor (the ratio of finally observed particles to the one produced at T ch ) of different hadrons as a function of the centrality and on the right hand side the modification factor as a function of p T for the most central events (0-10%). We see modifications up to 25% which concern mostly the low p T hadrons for which the phase space occupation is largest. Resonances may elucidate this region in several ways:
• Their measured multiplicity as compared to the expected multiplicity in statistical model calculations provides information about the interaction time and the implied cross section because experimentally only those resonances can be reconstructed whose decay products did not have collisions with surrounding hadrons. Exploiting the different life times of the different resonances we may reconstruct, with help of transport approaches, the whole time evolution of the expansion of the hadron gas.
• Resonances which decay into photons or dileptons measure the total time of the hadronic expansion because any produced resonance contributes, even if it is later reabsorbed. Thus, the longer the hadronic gas interacts the more photons or dileptons are produced. Together with the elliptic flow signal (which is finite for hadronically produced photons) they may provide information about the contribution from the plasma and hence about its space time evolution.
• Neither heavy quarks nor heavy mesons come to an equilibrium with their environment. Their spectra offers therefore informations on their interaction with the plasma constituents and the hadron gas, respectively. The multiplicity ratio of excited states of heavy mesons, like ψ(2S ) or Y(2S ) and Y(3S ), and the ground states provides in addition information on the hadronic rescattering. In view of their large binding energies this ratio is especially sensitive to violent collisions.
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Hadronic Decays
Hadronicly decaying resonances have been measured at RHIC and LHC. The RHIC results from the STAR collaboration [6] , covering very different life times of resonances (φ = 44 f m/c, Λ Fig. 4 and are compared with prediction from the thermal model [7] as well as from UrQMD calculations [8, 9] . Assuming only resonance decay /dy Figure 4 . Resonance production at RHIC. We compare the STAR result [6] with thermal predictions [7] and with those from UrQMD calculations [8, 9] . one would expect that the displayed ratio decreases for short living resonances more strongly with centrality than for long living ones. The experiment supports this expectation only partially. We see a strong decrease of the Λ * /Λ ratio and an almost constant φ/K − ratio but the K * /K ratio is centrality independent and for the Σ * /Λ ratio we find in central heavy ion collisions the same value as in pp collisions. Evidentially regeneration of resonances cannot be neglected and because most of these regeneration cross sections are little known, if at all, this poses problems for a theoretical interpretation of the data as the UrQMD calculations show for central collisions. They show the right trend but differ in details. Statistical models should overpredict the yield because they neglect the rescattering of the decay products. This we see for the Λ * /Λ and the K * /K ratio but not for the Σ * /Λ ratio. The resonance suppression is at most 60% but usually considerably smaller. If one wants to draw conclusions about the hadronic interaction region with help of resonances high accuracy measurements with a little systematic error are necessary. At LHC for most of the resonances spectra have not been published yet. Form Fig. 1 we see that K * are about 40% less frequently produced than expected from the statistical model. Hence the suppression is even a bit larger than at RHIC. A detailed comparison with theory is not at hand yet but transport theories show as well a strong suppression of
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the resonances due to hadronic rescattering. In Fig. 5 we display the p T distribution of EPOS [10] of selected resonances immediately after hadronization as well as that of resonances which can be reconstructed finally by the invariant mass method, means of those whose decay products do not have rescattered. The hadronic rescattering in the EPOS approach is identical to the UrQMD model. We see that in the most central events (5-10%) up to 80 % of the resonances cannot be reconstructed. It remains to be seen whether these findings coincide with experiments. At the moment all the theoretical models use measured free cross sections or parameterizations if measured cross sections are not available. Recently it has been shown that at finite temperature cross sections will be modified [11] . To take this into account provides a new task for the transport approaches.
Electromagnetic Probes
Photons and dileptons are a very valuable probe to study the time evolution of the expanding system because they do not get reabsorbed. They are emitted from the initial collision of the incoming nuclei, while the plasma is formed and expanding and finally also during the hadronic phase. Initially there was the idea to measure the direct photons, i.e. those emitted from the plasma, by subtracting from the inclusive spectra the contribution of the measured yield of hadronic electromagnetic sources like ω, φ and η to the photon spectrum. It came as a surprise when the PHENIX collaboation measured that v 2 of direct photons is almost as large as that of hadrons. If photons from the plasma dominate the direct photon yield one would expect a smaller value because the v 2 develops during the plasma expansion and early emitted photons do not have an elliptic flow. In the mean time this puzzle seems to be solved [13, 14] . They showed that the direct photons, as defined above, are not only those emitted Resonance Workshop at Catania 00001-p.5 from the plasma. In addition, two hadronic sources contribute which have been neglected before: the bremsstrahlung between charged hadrons and photon emission from intermediate hadrons which are subsequently reabsorbed and do not appear in the observed hadron spectrum. If one includes these additional sources a good agreement with the experimental data can be found, for the direct photon yield as well as for their v 2 , as can be seen in Fig. 6 . There we display on the left hand side the direct photon yield [12] in comparison with the simulations [13, 14] agreement between experiment and theory, even for two independent transport approaches, has been found for dileptons. In Fig. 7 we display the centrality dependence of the midrapidity dilepton yield (left) and its ratio to the 'cocktail' for 4 centrality bins, 0-10%, 10-40%, 40-80%, 0-80%, for central Au+Au collisions at √ s = 200 GeV. The agreement between the calculations and the data shows that below M ee = 0.8 GeV medium effects become important which are not contained in the cocktail. The reproduction of the resonance peaks in the dilepton spectrum and the reproduction of the photon yield show that the hadronic expansion phase in which each collision of a charged hadron adds to the photon yield and each resonance which possibly decays into dileptons contributes to the dilepton yield seems to be under control. Photons and dilepton calculations are presently closer to experiment than all other probes discussed here.
Excited States of Heavy Flavour Mesons
The physics of excites states of charm and bottom mesons is the newest branch of the physics of unstable particles in ultrarelativistic heavy ion physics. Both, at RHIC and at LHC, the results are so surprising that a theoretical understanding is far from being achieved. In free space heavy mesons are deeply bound (1100 MeV, and ψ(2S ) yield in pA collisions at √ s = 5.02 AGeV in forward and backward rapidity, see Fig.8 . The nuclear modification factor R pPb for ψ(2S ) is unexpectedly low and questions our understanding of the formation of charmonium states which consists in the assumption that in a hard collision a cc pair is formed locally and expands during the formation time τ f before a J/ψ or a ψ(2S ) state can be identified [18] . One may naively assume that the small R pPb comes from the cold nuclear matter environment where the less bound ψ(2S ) can be easily destroyed. This requires, however, that the formation time of the charmonium, τ f , is shorter than the time the charmonium needs to traverses the nucleus, τ c . One can evaluate the average proper time τ c spent in the nucleus as τ c = L /(β z γ) [19] , where L is the average length of nuclear matter crossed by the pair. For cc pairs in the charmonium mass range emitted at p T = 0 in the forward acceptance, one gets τ c ∼ 10
−4 fm/c, while the corresponding value at backward rapidity is ∼ 7 · 10 −2 fm/c. Estimates for the formation time τ f range between 0.05 and 0.15 fm/c [18] . Hence we do not expect differences between J/ψ and ψ(2S ) in forward direction and even in backward direction we find at most τ f ≈ τ c . Therefore, according to our present understanding of the charmonia production the small R pPb value cannot come from hadronic rescattering. Thus we are left with the question whether our model for the production of charmonia is not correct or whether other origins, like medium modifications of the production processes, have to be considered. Fig.8 shows as well that shadowing and energy loss cannot reconcile the data with this theoretical approach. For more details we refer to [16] .
Another challenge for theory has been presented by the CMS collaboration [22] . They showed, Fig. 9 Figure 8 . The nuclear modification factor for ψ(2S), compared to the corresponding quantity for J/ψ [16] . The horizontal bars correspond to the width of the rapidity regions under study. The vertical error bars correspond to statistical uncertainties. as compared to pp collisions and an even larger suppression in AA. What is even more astonishing is the dependence of the ratio of Y(2S)/Y(1S) , middle, and of Y(3S)/Y(1S), right, on the track multiplicity. This dependence is surprisingly similar for pp, pA and AA collisions despite of the very different geometries and kinematic conditions. For our understanding it would be interesting to know whether the production depends on the number of associated particles or whether already in pp colli-sions further collisions between the produced particles can suppress the yield. Up to now there is no theoretical explanation.
I hope that I have demonstrated, using some examples, that the physics of unstable particles presents a lot of challenges, experimentally as well as theoretically, but most of all it is a very valuable tool to explore these reactions in detail. I hope that this workshop contributes to our understanding.
